Spin-entaglement has been proposed and extensively used in the case of correlated triplet pairs which are intermediate states in singlet fission process in select organic semiconductors. Here, we employ quantum process tomography of polarization entangled photon-pairs resonant with the excited state absorption of these states to investigate the nature of the inherent quantum correlations and to explore for an unambiguous proof for the existence of exciton entanglement. a) These authors contributed equally to this work. b)
Singlet fission and triplet fusion have been investigated extensively over the last few decades with clear consensus that these processes are mediated by a correlated pair of triplets (|S triplet in Fig. 1) [1] [2] [3] . Recently, Yong et al 4 proposed that |S triplet is a spin-entangled quantum state beyond a simple coherent superposition of the free triplet states and can be expanded over spin-basis of individual molecules as shown in Fig. 1 . Such a treatment was first put forward by Merrifield 5 , and later used by Burdett et al. 6 to rationalize coherent oscillations at GHz frequencies observed in time-resolved photoluminescence experiments.
Although these earlier works did not specifically address the mediating state as entangled, given that such a representation is indeed the definition of quantum entanglement, Yong Given that the denisty matrix of a biphoton state is a 4X4 matrix, 16 measurements over the [H,V,D,R] basis is required to estimate it. The formula for tomographic reconstruction of the biphoton density matrix can be written as 11 :
where n ν are the experimentally obtained coincidence rates andM ν are a linearly independent set of sixteen 4 X 4 matrices obtained from the two-qubit Pauli matrices (σ i σ j (i = 0, 1, 2, 3)). A few examples of tomographically reconstructed density matrices for various input pump polarizations is shown in Fig. 2(b note that these matrices are only estimations of the actual density matrix, a minimization algorithm that includes a rigorous error analysis is also being implemented to obtain the maximum likelihood matrix which accurately represents the biphoton state 11 .
Our experimental strategy is to measure the changes induced in the one of the photons via material interactions which will subsequently manifest as a change in the photon density matrix. This can be either due to an unitary transformation of the biphoton state due to a polarization-specific process in the material or a change in the entanglement entropy due to the mixing of the photon state with matter excitations 12 . In the weak matter-photon coupling limit such as in the systems of interest here, the contribution from the latter is substantially lowered. In such a scenario, the sample interaction may be theoretically captured (1) αβ = ψ † α,outψβ,in whereψ β,in andψ † α,out are the Heisenberg operators for removing an incoming photon (with polarization β) and replacing it with an out-going photon with polarization α. The final output state is thus given as |out = S (1) |in , where |in is the input entangled state and S (1) carries the information about the polarization-selective process in the sample.
To evaluate the sensitivity of our experimental setup to possible photon transformations, we introduced a quarter-wave plave in the place of the sample (see Fig. 2 We now return to the problem at hand, which is to probe the nature of the fission intermediate |S triplet via the entangled photon state. The specific spin-selection rules of the excited state absorption of |S triplet give us a window into the polarization-specific scattering mechanisms and subsequently to the nature of the quantum interaction. Here we con- TIPS-tetracene at these concentrations has been shown to generate long-living excimer-like states via singlet fission mechanism 13 . We photo-excite the samples with a 80MHz train of picosecond pulses at 500 nm to generate a steady-state population of these precursors states (|S triplet ), which have been proposed to be entangled pairs of triplet excited states 4 . The probe biphoton state in our current experiment at 1.53 eV is resonant with the excited-state absorption of these states 13 . Fig. 4 (a) and (b) are the density matrices of the biphoton state after trans-mitting through the sample, but with and without the photo-excited |S triplet population respectively. Pertinent changes can be observed in the matrix which can be perceived better in the difference between the matrices (pump on pump off), plotted in Fig. 4(c) .
Shown in
Clear non-zero photo-induced components appear in the projections such as |V H HV | and |V V V H|. Such a transformation is similar to what was observed with the QWP-sample shown in Fig. 3(b) and (c), albeit with substantially lower amplitude. We note that there is a need to perform a systematic analysis considering the fluctuations in the experimental conditions in order to estimate true changes induced by matter interactions. In spite of lack of such an analysis, we consider that the observations presented in Fig. 4(c) are indicative of nature of |S triplet and a comprehensive theoretical treatment will be developed based on it.
